Cytoskeleton remodelling is a prerequisite step for the morphological transition from preadipocytes to mature adipocytes. Although microtubules play a pivotal role in organizing cellular structure, regulation of microtubule dynamics during adipogenesis remains unclear. In the present paper we show that acetylation of α-tubulin is up-regulated during adipogenesis, and adipocyte development is dependent on α-tubulin acetylation, as expression of an acetylation-resistant α-tubulin mutant significantly inhibits adipogenesis. Moreover, acetylation of α-tubulin is under the control of the acetyltransferase MEC-17 and deacetylases SIRT2 (Sirtuin 2) and HDAC6 (histone deacetylase 6). Adipocyte development is inhibited in MEC-17-knockdown cells, but enhanced in MEC-17-overexpressing cells. Finally, we show that katanin, a microtubule-severing protein with enhanced activity on acetylated α-tubulin, is actively involved in adipogenesis. We propose that co-ordinated up-regulation of α-tubulin acetylation initiates cytoskeleton remodelling by promoting α-tubulin severing by katanin which, in turn, allows expansion of lipid droplets and accelerates the morphological transition toward mature adipocytes.
INTRODUCTION
Obesity, diabetes and other metabolic diseases have become a major health burden in almost all of the developed countries and many developing nations. Elucidation of the underlying mechanism of fat cell development is pivotal for developing clinical strategies to treat these diseases. In mammals, a large amount of energy is stored in adipose tissue, which consists of highly specialized adipocytes. Under excessive caloric intake, energy is stored in the form of triacylglycerol by the process of lipogenesis. Although fat can be temporarily stored in the liver, long-term storage of fat is predominantly done in adipocytes under normal physiological conditions. New adipocytes arise through adipogenesis, a complex process involving differentiation of naturally occurring preadipocytes into mature adipocytes [1] [2] [3] . At the molecular level, groups of transcription factors are activated in temporal sequence. Wellstudied early factors include members of the CCAAT enhancer family C/EBP (CCAAT/enhancer-binding protein) β and C/EBPδ [1, 3] , which sequentially activate the later transcription factors such as PPARγ (peroxisome-proliferator-activated receptor γ ), a peroxisome-proliferator-activated receptor residing in the nucleus and C/EBPα, another CCAAT family member. Individual factors, e.g. PPARγ and C/EBPα, may interact with each other to maintain the adipogenic phenotype [4] . Expression of adipogenic regulators is controlled and influenced at multiple levels, including chromatin remodelling by post-translational modifications, such as methylation and acetylation of histones [5] [6] [7] .
In the course of adipogenesis, fibroblast-like preadipocytes are transformed into lipid-filled morphologically distinct spherical mature adipocytes. Mature adipocytes are usually occupied by one big LD (lipid droplet) with all of the other organelles located at the periphery of the cell body. It was suggested nearly 20 years ago that the transition from fibroblasts to mature adipocytes involves significant reorganization of the cytoskeleton or cytoskeleton remodelling [8] . Indeed, disruption of MTs (microtubules), the main components of the cytoskeleton, leads to increased intracellular triacylglycerol accumulation [9] and significantly enhanced adipogenesis [10] . Other cytoskeletal components have also been linked to adipogenesis, for example, the intermediate filament vimentin forms a cage structure surrounding nascent LDs [11] , whereas F-actin (filamentous actin) associates with caveolin during adipogenesis to form a unique caveolin-actin structure in mature adipocytes [12] . These studies suggest that cytoskeleton remodelling, including disruption of MTs, is a limiting step in the morphological transition during adipogenesis. However, it is not clear how MT-based cytoskeleton remodelling is regulated and initiated during adipogenesis.
MTs are composed of highly dynamic polymers of α-and β-tubulin heterodimers. In eukaryotic cells, tubulin subunits undergo various post-translational modifications that may influence the properties of MTs. For example, tubulin acetylation was shown to be critical for oligodendrocyte differentiation [13] . Acetylation of α-tubulin is controlled by the relative abundance and enzymatic activities of acetyltransferases and deacetylases. Although tubulin acetylation was first detected on the MT Abbreviations used: C/EBP, CCAAT/enhancer-binding protein; DMEM, Dulbecco's modified Eagle's medium; EGFP, enhanced green fluorescent protein; ELP3, elongation protein 3; FBS, fetal bovine serum; FoxO1, forkhead box O1; HDAC6, histone deacetylase 6; HFD, high-fat diet; KD, knockdown; LD, lipid droplet; LFD, low-fat diet; MT, microtubule; PPARγ, peroxisome-proliferator-activated receptor γ; qPCR, quantitative PCR; shRNA, short hairpin RNA; SIRT2, Sirtuin 2; WT, wild-type. 1 To whom correspondence should be addressed (email weiping_han@sbic.a-star.edu.sg).
axonemes of Chlamydomonas motile cilia nearly 30 years ago [14] , the identities of the enzymes regulating the acetylation process emerged much later, with the identification of the tubulin deacetylases HDAC6 (histone deacetylase 6) and SIRT2 (Sirtuin 2) [15] [16] [17] . The identification of MEC-17, or αTAT1, as the tubulin acetyltransferase responsible for adding an acetyl moiety to the ε-amino group of Lys 40 on α-tubulin was discovered only recently in comparison [18, 19] . Another protein, the elongator complex subunit ELP3 (elongation protein 3), was proposed to be a tubulin acetyltransferase to control the levels of α-tubulin acetylation in neurons [20] . However, partially purified ELP3 displayed only weak acetyltransferase activity [20] , and MTs remain highly acetylated in neurons from Caenorhabditis elegans or Drosophila ELP3-deletion mutant and cerebrum of familial dysautonomia, indicating that ELP3 may not be involved in α-tubulin acetylation [21] [22] [23] . Although α-tubulin acetylation has been shown to be critical for oligodendrocyte differentiation, it remains to be determined whether it plays a role in other physiological processes requiring cytoskeleton remodelling, such as adipogenesis.
Acetylation of α-tubulin has been shown to exhibit increased sensitivity for MT severing by katanin [24] . Katanin, an AAA (ATPase associated with various cellular activities) ATPasedomain-containing protein, is widely expressed and critical for neuronal development through its activity in mediating MT severing and reorganizing MTs in mature neurons [25] . Considering that MT-based cytoskeleton remodelling is also involved in the morphological transformation from preadipocytes to mature adipocytes, it is tempting to hypothesize that a similar mechanism operates in adipocyte development, in particular during the morphological transition in adipogenesis.
In the present study, we investigated whether acetylation of α-tubulin played a role during adipogenesis, and examined its regulation by the tubulin acetyltransferase MEC-17. We also studied whether the MT-severing protein katanin was involved in adipocyte development.
MATERIALS AND METHODS

Animal welfare
10-week-old C57BL/6 mice were fed on a HFD (high-fat diet) or LFD (low-fat diet) for 8 weeks. Gonadal adipose tissues were collected for protein extraction and immunoblotting. All experiments involving animals were reviewed and approved by the Institutional Animal Care and Use Committee of Agency for Science Technology and Research (A*STAR).
Cell culture
3T3-L1 cells were cultured in CS medium [high-glucose DMEM (Dulbecco's modified Eagle's medium; Gibco), 10 % FBS (fetal bovine serum; Gibco) and 1 % penicillin/streptomycin (Gibco)]. Confluent 3T3-L1 fibroblast cells were then subjected to MDI induction medium 2 days post-confluence. The components of the MDI medium were as follows: 1 μM dexamethasone, 0.5 mM IBMX (isobutylmethylxanthine), and 100 nM insulin in highglucose DMEM containing 10 % FBS. At 2 days after exposure to the MDI induction medium, the medium was replaced with high-glucose DMEM supplemented with 10 % FBS and 100 nM insulin. Thereafter, medium was replaced with high-glucose DMEM plus 10 % FBS every 2 days. 293TN cells (System Biosciences) were grown in high-glucose DMEM supplemented with 10 % FBS and 1 % penicillin/streptomycin. All cells were maintained at 37
• C in a 5% CO 2 humidified incubator. [27] [28] [29] . All of the DNA constructs were verified by sequencing.
Production of pseudovirus particles
Along with three packaging plasmids carrying the genes for gag, pol and env proteins, the KD and overexpression lentiviral vectors were transfected into 293TN cells. At 2 days after transfection, the culture medium laden with the pseudoviral particles was harvested and filtered.
Real-time qPCR (quantitative PCR)
Total RNA was extracted from cells using TRIzol ® reagent (Invitrogen), followed by DNase treatment and reverse transcription with the Revertaid TM H minus First-strand cDNA Synthesis kit (Fermentas). The resulting cDNAs were used for quantification of mRNA expression levels with the SYBR ® green method (ABI Biosystems). The expression level of Tbp (TATAbox binding protein) was used as an internal control. The primer sequences for qPCR reactions are listed in Supplementary Table S2 (at http://www.biochemj.org/bj/449/bj4490605add.htm).
Western blot analysis
Adipose tissue or cells were homogenized in a Tris-based lysis buffer on ice. Protein concentrations of the resulting lysates were quantified using the DC Protein Assay (Bio-Rad Laboratories). Samples containing 50 μg of protein were loaded into each well, resolved on a polyacrylamide gel, and blotted on to a nitrocellulose membrane using iBlot TM (Invitrogen). Membranes were then probed with antibodies and visualized with ECL (enhanced chemiluminescence) or ECLPlus reagents. Antibodies used in the present study were: anti-α-tubulin (Sigma, dilution 1:5000), anti-(acetylated α-tubulin) (Sigma, dilution 1:2000), anti-MEC-17 (Sigma, dilution 1:1000), anti-SIRT2 (Cell Signaling Technology, dilution 1:1000), anti-HDAC6 (Abcam, dilution 1:1000) and anti-β-actin (Santa Cruz Biotechnology, dilution 1:5000).
Oleic acid uptake
3T3-L1 cells were plated in 24-well plates on growth medium. The cells were treated with 400 μM oleic acid complexed to 0.4 % BSA for 18 h before fixation with 4 % formaldehyde. LDs were stained with LipidTOX (Invitrogen) according to the manufacturer's instructions and visualized under a confocal microscope (Nikon).
Oil-Red O staining and propan-2-ol extraction
Oil-Red O staining and propan-2-ol extraction were performed as described previously [30, 31] . The stained cells were imaged on Nikon SMZ1500 and TS100 microscopes before they were airdried. Stained lipids were extracted by using propan-2-ol for lipid content measurements. The absorbance of the extracted solution was measured at 500 nm wavelength as a measure of the relative cellular lipid content.
Immunostaining
3T3-L1 cells were seeded on to coverslips and fixed in 4 % paraformaldehyde. The cells were then permeabilized with 0.1 % Triton X-100, blocked with 10 % normal goat serum and probed with antibodies diluted in blocking buffer. Coverslips were mounted on to slides in DAPI (4 ,6-diamidino-2-phenylindole) mounting medium (Invitrogen) and then imaged with A1R confocal microscopy (Nikon).
Statistical analysis
Comparisons of data were made by using a two-tailed unpaired t test with equal variance. Statistical significance was displayed as *P < 0.05, **P < 0.01 or ***P < 0.001, or as indicated in Figures.
RESULTS
Microtubule-based cytoskeleton remodelling during adipogenesis
Previous studies have linked α-tubulin acetylation with oligodendrocyte differentiation [13] , but it is not clear how tubulin acetylation contributes to cell differentiation. Since these cells undergo dramatic morphology changes during cell differentiation and maturation, it is possible that α-tubulin acetylation may initiate such changes by promoting cytoskeleton remodelling. Like oligodendrocytes, adipocytes also undergo significant changes during adipogenesis. To evaluate the dynamics of the endogenous MT network, we stained MTs at different stages of adipocyte differentiation. In undifferentiated pre-adipocytes (day 0), MTs were well organized in a regular array ( Figure 1 ). When cells were under differentiation after adipogenesis was initiated (day 4), MTs appeared to be shorter and were arranged into a cage-like structure, which might be necessary to accommodate development of nascent LDs ( Figure 1 ). As the cells further matured (day 8), MTs were mostly disrupted and disappeared at the regions around LDs, although they remained around the nucleus ( Figure 1 ). To better understand the dynamic changes of the MTs, we measured the lengths of the MTs at selected time points [32] . The MT lengths showed significant reduction in cells at days 4 and 8 when compared with day 0 (35.1 + − 2.3 μm, 15.6 + − 1.0 μm and 8.3 + − 0.6 μm for days 0, 4 and 8 respectively; 50 MTs from five cells for each time point, P < 0.01 for days 4 and 8 compared with day 0). As well as the dynamics of MTs, we also examined LD development in relation to the MT network. Consistent with the notion that the MT network may be remodelled to allow LDs to emerge and expand, LDs were found inside the lattice-like structure of MTs when the cells were under differentiation (Figure 1 and Supplementary Movies S1 and S2 at http://www.biochemj.org/bj/449/bj4490605add.htm), and MTs were mostly disrupted or absent at the region near the growing LDs when the cells became mature (Figure 1 and Supplementary Movies S3 and S4 at http://www.biochemj.org/ bj/449/bj4490605add.htm). To test whether MT disassembly promotes adipogenesis, we treated 3T3-L1 cells with nocodazole, which interferes with MT polymerization and promotes MT disassembly [15] . As measured on day 7 after adipogenic cocktail treatment, lipid accumulation (Supplementary Figure  S1A at http://www.biochemj.org/bj/449/bj4490605add.htm) and total lipid content (Supplementary Figure S1B) were increased with increasing nocodazole concentrations. It is worth noting that the cells showed round morphology with an enlarged size at higher concentrations of nocodazole (Supplementary Figure  S1A) , consistent with previous reports that disassembly of cytoskeleton promoted adipogenesis in ES (embryonic stem) cells and bovine intramuscular preadipose cells [9, 10] . These results show that the MT network undergoes significant changes during adipogenesis, and suggest that MT-associated cytoskeletal remodelling may play an active role in adipogenesis by regulating LD expansion and morphological transition during adipocyte development. 
Up-regulation of α-tubulin acetylation during adipogenesis
To test whether α-tubulin acetylation participates in the adipogenic process, we first examined the extent of α-tubulin acetylation in adipose tissue of mice fed on a HFD or LFD. Acetylation of α-tubulin was significantly higher in the adipose tissue of HFD-fed mice when compared with LFD-fed mice, suggesting that α-tubulin acetylation is associated with fat accumulation in vivo (Figures 2A and 2B) . We next examined changes of α-tubulin acetylation during adipocyte differentiation, and found a general increase in acetylated α-tubulin levels in normal differentiating 3T3-L1 cells (Figures 2C and 2D) . These data support a potential role for α-tubulin acetylation in adipogenesis.
To understand the regulation of α-tubulin acetylation during adipogenesis, we measured the expression profile and relative levels of tubulin acetyltransferase and deacetylases. Expression of the tubulin acetyltransferase MEC-17 showed a biphasic pattern: its expression decreased during the early stage of differentiation, followed by an increase to a steady level at the late phase of adipogenesis (Supplementary Figures S2A and S2B at http://www.biochemj.org/bj/449/bj4490605add.htm). In contrast, expression of the tubulin deacetylases SIRT2 and HDAC6 reduced upon adipogenic induction, and remained low throughout the adipogenic process (Supplementary Figure  S3 at http://www.biochemj.org/bj/449/bj4490605add.htm). As tubulin acetylation is determined by the relative abundance of the acetyltransferase and deacetylases, the observed increase in acetylated α-tubulin levels during adipogenesis ( Figures 2C  and 2D ) could be accounted for by the combined effect of up-regulation of MEC-17 and down-regulation of SIRT2 and HDAC6. Moreover, other lysine acetyltransferases, such as TAT2, may contribute to tubulin acetylation [19] . In summary, these results suggest that α-tubulin acetylation is regulated by coordinated activities of the acetyltransferase MEC-17 and the deacetylases SIRT2 and HDAC6.
Adipogenesis is dependent on α-tubulin acetylation
To test whether α-tubulin acetylation contributes to adipogenesis, we generated stable 3T3-L1 cell lines expressing EGFPfused WT α-tubulin (EGFP-tubulin-WT) or an acetylationresistant α-tubulin mutant (EGFP-tubulin-K40R), and examined lipid accumulation and total lipid content in these cells after differentiation. EGFP-tubulin-WT and EGFP-tubulin-K40R were expressed at comparable levels (Supplementary Figure S4A at http://www.biochemj.org/bj/449/bj4490605add.htm) and were able to incorporate into the MT network, indistinguishable from endogenous tubulin ( Figure 3A) . At an early stage of differentiation, both cell lines showed a clear and intact MT network (Supplementary Figure S4B) . However, at a late stage of differentiation, cells expressing EGFP-tubulin-WT showed diffuse tubulin staining, indicative of a disrupted MT network, whereas the majority of cells expressing EGFP-tubulin-K40R retained a relatively intact MT network and fibroblast-like morphology (Supplementary Figure S4B) . Compared with EGFP-tubulin-WT cells, EGFP-tubulin-K40R cells exhibited dramatically reduced lipid accumulation ( Figure 3B ) and total lipid content ( Figure 3C ), indicating that acetylation-resistant α-tubulin inhibits the morphological transition from preadipocytes to mature adipocytes by preventing cytoskeleton remodelling. These results suggest that acetylation of α-tubulin at Lys 40 promotes adipogenesis, possibly by initiating MT severing and the morphological transition from preadipocytes to mature adipocytes.
MEC-17 participates in the regulation of lipid accumulation during adipogenesis
To examine whether MEC-17, an α-tubulin acetyltransferase, was involved in adipogenesis, we first generated stable MEC-17-KD 3T3-L1 cells with lentivirus-mediated shRNA (short hairpin RNA). Two stable cell lines with more than 60 % KD of MEC-17 expression were selected for characterization of adipocyte differentiation and lipid accumulation (Figures 4A and  4B, Supplementary Table S1 ). Consistent with the significant reduction in MEC-17 expression, the levels of acetylated α-tubulin were dramatically decreased at selected time points during adipogenesis ( Figure 4C ). This demonstrates that MEC-17 is a key regulator of α-tubulin acetylation. The extent of adipogenesis and lipid accumulation was significantly reduced in MEC-17-KD cells ( Figures 4D and 4E ), indicating that adipogenesis is dependent on α-tubulin acetylation, and that α-tubulin acetylation plays an active role in the adipogenic programme. Next, we measured lipid accumulation in 3T3-L1 cells with stable overexpression of MEC-17. As expected, MEC-17 overexpression led to significantly enhanced α-tubulin acetylation ( Figure 5A ), and increased lipid production and accumulation ( Figures 5B and 5C ). The effect on increased adipogenesis was more evident at day 4, but less so at day 7, after adipogenic induction, suggesting that a higher level of α-tubulin acetylation accelerates the adipogenic process without affecting the extent of adipogenesis at maturity. Taken together, these results provide evidence that MEC-17 participates in the regulation of lipid accumulation during adipogenesis by increasing α-tubulin acetylation. (n = 3-4 independent experiments). *P < 0.05, **P < 0.01 and ***P < 0.001. Scale bar = 50 μm.
As the extent of α-tubulin acetylation directly regulates the adipogenic process, we tested whether SIRT2 and HDAC6 also regulate adipogenesis by affecting the levels of α-tubulin acetylation. We generated stable 3T3-L1 cells with KD of SIRT2 or HDAC6 (Supplementary Figure S5A at http://www.biochemj.org/bj/449/bj4490605add.htm). Although the KD efficiency for SIRT2 and HDAC6 was different, KD of SIRT2 or HDAC6 led to similar levels of enhanced α-tubulin acetylation ( Supplementary Figures S5B and S5C) . Furthermore, we observed increased lipid accumulation in SIRT2-or HDAC6-KD cells (Supplementary Figures S5D and S5E) . It is worth noting that KD of HDAC6 did not affect lipogenesis at day 7 after adipogenic induction, whereas increased lipid accumulation was observed in SIRT2-KD cells at the same time point. Similar observations of increased lipid accumulation at early and late stages of adipocyte differentiation was shown in SIRT2-KD cells, and was attributed to increased FoxO1 (forkhead box O1) acetylation and PPARγ activation [33] . These results support the notion that α-tubulin acetylation accelerates the adipogenic process during the morphological transition, but does not affect the extent of lipogenesis at the late stage of adipogenesis.
Katanin participates in acetylation-mediated cytoskeleton remodelling during adipogenesis
As acetylation of α-tubulin was shown to have increased sensitivity to katanin severing [24] , we first examined the developmental changes of katanin expression during adipogenesis. We found that expression levels of katanin exhibited a gradual increase starting from day 4 post-adipogenic induction, and reached ∼150 % of baseline level in mature adipocytes ( Figure 6A ). We next tested whether the distribution of katanin supported its role as a regulator of MTs and the cytoskeletal network during adipogenesis. In preadipocytes (day 0), a low degree of overlap was seen between katanin and tubulin, but the overlap was much increased at days 3 and 5 after adipogenic stimulation (Supplementary Figure S6A at http://www.biochemj.org/bj/449/bj4490605add.htm). Pearson's correlation coefficients for katanin and tubulin co-localization were significantly increased during adipogenesis (Supplementary Figure S6B) , suggesting an increased katanin-tubulin association in the course of adipogenesis. These findings suggest that the dynamics of MTs is intimately related to the distribution of katanin during adipocyte differentiation. To test whether katanin was involved in regulating adipogenesis, we transduced 3T3-L1 cells with lentivirus carrying shRNA sequences that target murine Katn (katanin), and selected two stable cell lines with efficient gene suppression ( Figure 6B ). KD of katanin expression led to reduced lipid accumulation ( Figure 6C ) and total lipid content ( Figure 6D ) when compared with the control cells transduced with virus carrying scrambled shRNA sequence. As expected, katanin-KD cells showed significantly reduced expression of adipocyte markers, such as GLUT4 (glucose transporter 4), LDLR (low-density lipoprotein receptor), perilipin and aP2 (adipocyte P2), and mild reduction of two master transcription factors, PPARγ and C/EBPα ( Figure 6E ). These findings suggest that katanin is essential for normal adipocyte differentiation, and support our model that katanin is actively involved in cytoskeleton remodelling by severing acetylated α-tubulin which, in turn, promotes the morphological transition towards mature adipocytes, and accommodates LD development and expansion.
DISCUSSION
Cytoskeleton remodelling is an essential step for the morphological transition from fibroblast-like preadipocytes to lipid-filled unilocular mature adipocytes during adipocyte development. In the present study, we show that α-tubulin acetylation plays an active role in adipogenesis, and that α-tubulin acetylation is under the control of the tubulin acetyltransferase MEC-17 and deacetylases SIRT2 and HDAC6. Furthermore, acetylation of α-tubulin may increase its sensitivity to kataninmediated severing and the ensuing cytoskeleton remodelling. Tubulin acetylation has been shown to be enriched during neuronal commitment [34] to regulate oligodendrocyte differentiation [13] . Differentiation of oligodendrocytes is accompanied by extensive morphological changes. Similarly, adipocyte development requires cytoskeleton remodelling to accommodate LD development and expansion, and to allow morphological transition from fibroblast-like preadipocytes to round adipocytes. The finding in the present study that α-tubulin acetylation plays an active role in adipocyte differentiation suggests that the specific post-translational modification in α-tubulin may be a key regulating step for the differentiation of various cell types. We further suggest and demonstrate katanin as the link between increased α-tubulin acetylation and cytoskeleton remodelling, as acetylation increases the sensitivity of α-tubulin to katanin severing [24] and acetylation-resistant α-tubulin inhibits adipogenesis (Figure 3 and Supplementary Figure S4) .
The acetylation of α-tubulin is regulated by the relative levels of acetyltransferase and deacetylases. We found that MEC-17 or αTAT1 directly controls the acetylation level of α-tubulin in loss-and gain-of-function experiments (Figures 4 and 5) , supporting its proposed role as an α-tubulin acetyltransferase [18, 19] . Furthermore, we confirmed that HDAC6 and SIRT2 are involved in the regulation of α-tubulin acetylation [15] [16] [17] . HDAC6, a class II HDAC, is mostly co-localized with MTs in the cytoplasm and functions to deacetylate α-tubulin both in vitro and in vivo [15] . SIRT2, a second α-tubulin deacetylase, has been shown to interact with HDAC6, but function independently in deacetylating α-tubulin [16] . Besides α-tubulin, SIRT2 also deacetylates and activates the transcription factor FoxO1, which inhibits adipogenesis by binding to PPARγ [33] . We found that MEC-17-and HDAC6-mediated α-tubulin regulation accelerates the adipogenic process, probably by promoting cytoskeleton remodelling, without affecting the extent of lipid accumulation (Figures 4 and 5, and Supplementary Figure S5) . In contrast, in addition to accelerating the adipogenic process, KD of SIRT2 leads to increased lipid accumulation (Supplementary Figure S5) , an effect that may be accounted for by the regulation of the FoxO1/PPARγ pathway by SIRT2 [33] .
The expression level of katanin is correlated with its enhanced MT-severing activity [25, 26] , thus overexpression of katanin should promote adipogenesis by accelerating cytoskeleton remodelling. Consistent with our model that acetylation serves as a signal to katanin action, katanin levels only increased from day 4 post-adipogenic induction, coinciding with the increased acetylation levels of α-tubulin. Further studies are needed to understand the mechanism underlying the co-ordinated regulation of acetylation-modifying enzymes and katanin.
Another unresolved issue is how katanin-mediated MT severing reorganizes the cytoskeleton network. Our model that acetylation of α-tubulin serves as a signal to induce katanin-mediated MT severing and consequent cytoskeleton remodelling suggests that α-tubulin acetylation determines the timing, whereas the action of katanin determines the subcellular sites of initiation of cytoskeleton remodelling. As the acetylation site Lys 40 is at the luminal side and buried inside the protein, it is possible that the modification may perturb the lattice of the polymer to allow katanin access, and thus break the MTs [24] . This further illustrates the importance for the co-ordinated regulation of acetylation and katanin severing in neuronal development as previously reported [24] , and in adipogenesis (the present study).
In summary, in the present paper we report that acetylation of α-tubulin is essential for adipocyte development, which is controlled by the acetyltransferase MEC-17 and two deacetylases SIRT2 and HDAC6. We also provide evidence that katanin, which preferentially severs acetylated α-tubulin, may participate in the adipogenic process by promoting cytoskeleton remodelling. We propose that co-ordinated up-regulation of α-tubulin acetylation initiates cytoskeleton remodelling by promoting α-tubulin severing by katanin which, in turn, accommodates the formation and growth of LDs, and accelerates the morphological transition towards mature adipocytes. CCAAGAAGTCGGTGGACAAGA  CGGTCATTGTCACTGGTCAACT  GLUT4  GTGACTGGAACACTGGTCCTA  CCAGCCACGTTGCATTGTAG  Perilipin A  GGGACCTGTGAGTGCTTCC  GTATTGAAGAGCCGGGATCTTTT  aP2  GCCAAGCCCAACATGATCA  TTCCACGCCCAGTTTGAAG  LDLR  CCACTTCCGCTGCAACTCA  CGTCGCAGGCCCAAAG  TBP  ACCCTTCACCAATGACTCCTATG  TGACTGCAGCAAATCGCTTGG 
